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'-ln recent years there has been a marked mterest in enzymatlc saccharlf' cation of cellulose parucularly due to the T

availablllty -of active cellulase from Trichoderma capable of extensive hydrolysis of insoluble cellulose. Several recent

- ,quantlty

.Matemh nnd rnm.hods : R
‘Cultural, . Trichoderma. QM9414 was
“maintained on potate’ dextrose agar slants.

The basal medium for growth and enzyme
prodiiction contained, per litre, KH, PO, 2.0g,
{NH),50, 1.4g, Urea 0.3g, Mg$0,. 7H,0

“0.3g, CacCl,: '0.3g, FeS0,.7H,0 5.0mg,

MnS0,.H,0  1.6mg, ZnS0, '1.4mg, and

"~ COClL, 2.0mg.  The cellulose source was Solka

o -sorbitan monooleate, Fisher} were added to

“Fole {SW40} a 40 mesh “hammer-milled;
- -fibrous, pure "cellufose pulp ‘(Brown Co,.
. Berlin, New Hampshirs}. ' Prateose peptane
- .|Difco)._and Tween 80 -{polyoxyethylene .

- . -the medium as noted. Shake flasks for

““inoculum -were made up- by. using ‘the

fermentation -medium {0.75% ceilulose),

- rinoculated with conidia and grown for three - -
- days at 27°C on a reclprocatmg shaker

Inoculum volume was 2-5% - .
‘Submerged " culture experlmems were

...~ camied out in New Brunswick: Scientific. Co, -
" Magnaferm Fermenters Model MA114. This

fermenter - utilises a. 15 litre glass vessel
‘equipped. with a magnetlcallv*dnven “triple-

propeller _stitrer: and & - mechanical” Sfoam -

- breaker. Temperature, dissolved ‘oxygen; and

v

. pH were controllable, and were continuously
.. recorded during the experiments. The pH "
" was controlled by using 2N NaOH and 2N - -

“HCIL. Temperature ‘was controtied at 272,

) "_aerauon was at 15 ‘pounds pressure, 1-2 .
litre/ min_flow {0.1-0.2vvm}, impeller was at

200~250rpm During active: growth - the- air .

flow and agitation were increased as required. .
-tb maintain “positive disolved oxygen and’
-good mixing. )

- Extracellular Cahrponents Cellulase assays

. were carried out on culture filtrates at pH-4.8 -
"and '50°C- and -results are expressed ‘as -

‘intemnational units {U).equal t6 micromoles of

reducing sugar ‘@s glucose released per -

- 'mimute.. Substrates and time of mcubauon
- were: filter paper {saccharifying} cellulase
. Whatman_No. 1 filter paper, 33ma/ml, 60 -

.. minutes  and - endo-B-1;
{CMC'ase) carboxymethyi cellulose, degree
--of substitution 0.5 {Hercules), Smg/ml, 30

mmutes -and . endo-B-1,4-glucanase

..mg of teducing sugar as glucose produced
when 50mg  of -absorbent. cotton  was

incubated with 1ml of culture filtrate for 24

*. hours. The reducing sugar was measured by

a. dlniﬂosalicylic.'acld procedure™. -Soluble

*Msry Mandets and Ray d E. And i, E

Tachaology Group, Fuliunon ‘Abatement Dmsmn
US Army Natick. R h .and  Deval t

‘Command, Natick, Mass 01760 USA.

" “Table'1. Callulolync Orgarusma

" 4-glucanase ’

proteirl in the culmre_ﬁltrete was precipitated " -

with 5% trichloroacetic acid and measurad

" by the folin - procedure®. . Bovine " serum.

atbumin was used as & protein standard.

. ‘Protease was measured as the optical density
“.at 585nm of the colour releasad from hide

* powder azurs in1hourat 50°C, pH4.8. - .~
" Ceflufar Components. A 50ml aliquot of the -
. culture was “filtered by suction on d tared-
_5.5cm glass filter paper {Reeve “Angel)
washed. with- water and dried overnight.at -
-80°C,". then -weighed to. measure the dry.

- - Bacteria
. _Cellwbnofulvus%aerobe mesophile E
- Cellvibrio gilvus— aerobe, mesephife 32
"Cellvibrio vulgaris—aerobe, mesophile | ...
‘Cellutomenas—aerobe, mesophile - B
Pseudomonasﬂuorescens—aembe, L
- mesophile : . -
':-'Flummococcus—-anaembe Rumen 7
Clostridium thermocellulaseum—_— : .
anaembe thermophale 1T, 18
: 4.Acrmomycetes (aerobfc} e
. Straptomyces QMB814—mesophile -~ - '25 -

- Thermeactinomycete—thermaphile - 4,5
-,Thennomonospmacuwata—- <G e s T

- thetrnophile 7 g
Thermonospora fusca therrno;:hlle Lo 18
i Fun_ql !aembld :

-Aspergillus mger— m%ophlle
- Trametes sanguinea— mesophile

" Poria— mesophile o
-~ Myrothecium verrucana QM460—

mesophile

- Pestalotiopsis westerduku QM381 -

. mesophile-

Penicillium iriensis QM9624—- i A
.. ‘mesophile < o - R
" Penicilium funlculosum—mesophlle
. Penicillium variabile—mesophile .~ 1

Paolyporus versicolor— mesophile

‘Polyporustul:plferae—mesophlle SRR 1)

{lrpex lacteus). : AL
Fusanumsolam-—mesophlle R 38

“Trichoderma viride—mesophile oL
- Trichoderma ignorum—mesophile -, -

Trichoderma koningii— mesophile

:- Sporotrichum pulverulentum QM9145— PR
- thermophite =~ - SRR,

lChrvsosponum llgnorum Sl
Phanerochaete chrysosponuml

) 'Sporotnchum prumnsum OM&S—-

- thermophile .. ¢

{Chrysosporium pmlnosuml :
Sporotnchum dimorphosporum’

" OM806 —thermophile |

- Spommchum thermogh:lufn 0M9382— .
", thermophile o S 835
. Chaetomium thermophllum OoM9381— - :

- thermophile
Thermoascus auranuacus QM9383— . -
: e 26,38

thermopl'ule L

Reference: -

Commerc:al :

7,8

26,35

- symposia have evaluated the process and examined the severe technical and economic constraints on it, including - -
-» fimnited availability of suitable substrates, necessity of costly pretreatments,.and high costs of the enzyme. lnterest and -
" research have, however, continued because cellulose is the only renewable resource available in large quantities. In -

~ this paper the authors dlscuss some of the constramts and problem areas of the fermentataon to produce ceilulase |n.

" . weight which includes mycelium and residual 7
“cellulese. The mat was peeled off the-glass |~ -
- paper, soaked: overnight in. 5ml -of distilled . ..

. water, then extracted 3 times at 100°C for 10 | .
- minutes in 1N NaOH. Mycelial protein was -
measured on the combined extracts by a .- -

‘biuret procedure™. Bovine serum - albumin

was used as a protein standard. The residue
‘was washed with water and-extracted twice
.. at room temperature for 30 minutes with
-_10ml of 67% H,S0,. A phenol sulphuric’
analysis of the combined acid extracis was . -

used to measure total carbohydrate = residual

-cellujose’®. -Alternatively “cellulose. was:™
- -estimated by ‘assuming that the mycetial -
: protem regresented 40% of the cell walght ;
and subtracnng this value from l;he drv ST
E weight’ : . . s

; Stnmsaloctlon TR PRV
" In the authors’ experlence Sall acnve v
: development of practlcal processes for e
- saccharification is based on the Trichoderma ™ =
_enzyme system. Frequently suggestions are ..~ ' -
.. made that too much attention has focused .
" “on Trichoderma. and that other sources of - &
... cellylase should be developed. This seems & - & -
. ‘quite reasonable.. Many microorganisms are -
actively caflulolytic. A few that have recelved e
) recent attention are listed in Table 1, e
" However, ‘rapid growth on, and decom- .
. ‘position of ceflulese, and production-of high -
. levels of enzyme hydrolysing soluble cellulose
. 'denvatwes are:‘not-’ adequate cntena for -
selecting organismis 16 be used as a source of | -
- cellilase. Likewise the production of small -
. amounts of sugar from insoluble cellulose by. 7%
.- extracellufar. enzyme preparations .in short -~ - ¢
time assays .cannot be extrapolated to predict ... . ..
-results ‘of-more axtended saccharification, .-
* because such results may be-bésed on.the .-

hydrolysis “of - the " limited". fraction  of

amorphous cellulosa present in the substrate, 70 -

-The hydrolysis of. a3  multiple -inscluble.

"substrate {cellulose} by a multiple enzyme .

~{cellulase) proceeds in stages. The firstjsa . 7

- fairly rapid hydrolysis of the most susceptible -

. portion of the eellu!ose which .can be camied = -
out by either exo-: or endo-B-glycanases. A' .
good many organisms produce extracellular - - .
endo-8-glucanases that can hydrolyse cotton .
(the most crystallme and rosistant fonn of i
cellulosel upmaboutl% .




. “-As hydrolysis. proceeds; - the -rate slows
- down. Bs the’ fesidue becomes lncreasmgiy )
‘crystafline-and resistant. If the cellulase is -
. incomplete- the rate may become pracncally o
-, zero at this point. Hydrolysis -of crystafline

~.‘cellulose fequires synergistic action between

endo--
“acgelerated by B-glucosidase and possibly by
other cellulase components. Contrary to the
- sitiation when a single enzyme acts on.a: .
... -soluble well.defined substrate,
o give littte information about the propemas of -
. theenzyme. :
“To detect a comptete ceilulase, hydrolysss .
“must ‘continue untit some. of the crystalline
. celluloge is hydro[ysed Furlhermore a’

. pH from inoculation.
- cellulose.  0.2% peptone, 01% Tweenw
!NHJ,SO. raised to 0.21%. 2% mycefial -
. inoculum. pH controlfed not to falf bdow K
; mdrcatedlevel {naacrdused) e

and -exo-B-glucanases - and:

‘initial rates: -

' ‘meaningtul __c'ompar'isdh‘ of cellulase 'p'reﬁaré-'
“tions can only be made on the basis of the -

same percent conversion of the substrate.

. Twice as much enzyme will give the same

conversion-in half the time, but it 'will not

- 'produce twice as much sugar in equal time.

* Strain ‘selection must therefore be based -
‘on a ‘reasonably extensive  hydrolysis - of

insoluble * cellulose, and for quantitative

“results the unit .values must be based on

" equal- percent conversnons When ‘this is
done, using filter paper as ‘a substrate,;.and -
" 4% conversion as the basis for calgculation.of -
units, very few organisms yield broths having.
‘. more. than 0.3 filter ‘paper . units/ml (fiiter
- paper .activity 1.6}, -Wild strains*’of

Trichoderma - such ‘as ‘QMéa “produce 0.5 e

:U/mi or more in'shake flask cultufe and the
fmutant strains OMS123 and QM3414 produce.

‘are ‘used 1o saccharify - milted cellulose_
" 50% or more can be attained in'24 hours.

focused on Trichoderma is that no one has

. ‘sver published. real saccharification data fie
reasonably - extensive conversion of a .

_reasonably concentrated- realistic substrate) -

. based on & celiulase preparation derived from = -

.any source other. than  Frichederma. " -
‘Therefore the authors .are: concentrating on
‘optimising the fermentation -production - of

control point. Orbers trofled ar ji
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- ‘Table 3. Probiem araas in the Tm:bodenna o e
... 'Cellulage fermentation ’
- Cellulase— growthvsenzyme product;on LAt
Insolyble - R
- Low bulk density L EE
- Adsorbs cellulase. B >
Celiulase-gromhvsenzymeproductmn . Cer 4
Sl lnducedenzvme P : L B . Jénliutoae
".. Repressed byso!ublesugars - L 2
- -pH control is critical R e
- Low specific activity .. : 2 e l.:o 8o o WO o prsaranr-ssrre il
.- Produced Iatemfen'nematmn Qo480 120 CIEQ 9. - R CoRL
- LowinB glucosidase ~ _ S e - Hours e T : _
e NERRE 7T — —— 20 a0 8-
Figure 1. Effoct of pH Conirol on Ceflufase .| = o mciia i ohie proten : 7 -
. Production. Maximum fifter paper celfulase is - s e 15 ag{ feo
. shown for a J-day fermentation. pH controf .} _ - .| - AT 2 53
- with 2N NaOH and 2N HCl @— — — —@ ~ [E - R Ly
0.75% cellulose, 0.075% peptone, 0.2% |2 3 - tad:
" Tween 80." 10%: myceliel inoculum. pH 2.6 = } .. % o 2 2 2
uncontrolfed. Others natural f3ll to indicated o e ~ £
i pH. M A 1.0% cellulose, 0.05% . R - " L | N :
|- protecse peptone, 0.1% Tween 80, 2% e W.u:;m~m o %W RS k6 . Tol 4 zuﬁz_o - 80
- mycefial inoculum. pH 3.5 natural fall to .

- Figare 2 Growth and Enzyme Production on’ 1% Cellulose at pH 3.0 and 5 0 1 % Celluiase
- _0 b % proteose peptone a. 1% Tweenao 2% Mycelial Inoeu!um 3 days ald :

R
R
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upto2, OU/mt {Tabie 2). When these filtrates PR

- materials in. 5-20% slurries, converslonsrof_ _: B

“The ‘reason . that so. much ‘effort: has -,

Ergure 3. Effect of Adding Glucose dunng Fermentation of 1% Celfulase at pH 3.0and 5.0. 1%
Celtulose, 0.1% protecse peptone, 0.1% Tween 80, 2% Mycelial Inoculum, 3 days: old.

E 0———°pH>3.0 OS%yucoseaddedar&hours. -—-pH>50 05%glucoseaddedat4ﬂ haur_s

. NﬁaOH Productivity
AR " mitlitre - K oo LU e be
pH' .. lbefore | ' afterglucoseaddition . -
30 - R ST S A07
-2 R AN DR < I XN




" this enzyme. Because of the low buik density -
- - -and-recalcitrance of cellulose large quantities K

.. of enzyme . are. requ:red for saccharification- . .
“::and. enzyme cost.is. a major fac'lor in the .

- economics of the procecs

. Optimisation of media and

. fermentation conditions . - : :
Optlmlsatzon of any fermentatlon for .

producno_n of a desired biological product will =

invoive ‘many problems related to strain

- selaction, media composition, inoculum, and

- .-conditions ‘of growth. The " Trichoderma ..

' " cellulase . fermentation must of course be

-/ optimised along these lines, ‘but it ‘also has
.+ -some unusual problem areas related: to the -
" insolubfity and multiplicity of the substrate-

and the muiuplrcny of the enzyme system

{Table3}." .
I N Ceiluiase is” an mduced enzyme o
- Trichoderma produced anly whan the fungus
. is grown -on cellulose,
:containing B-1,4 linkages,: cellobrose
“lactose, or sophorese. This means that for - i
ust by . _autoclauing. As the- ceﬂu_fos_e.is consumed, " L0

practical purposes the fungus must be grown

- on cellulose to produce cellulase. The use of . -
| -a: slowly" metabélised . insaluble substrate
- ¢creates. challenging problems for the__

fermentatlon .
2. Cellulose stmngiy adscrbs cellulase the

_:.fenhentat:on preduct. Insoluble impurities in
“crude ceflulose such as lignin alsd adsodd -

- cellidase. ~The’ authors have not “found

 TableZ Trichoderma strains on Natick colfectlan :

L

other. glucans .

oM e saree . ] L Cellulase .
DoNo T Ne o Tvpe o FPUmsperml
ea | oseat | wild Stain. 0507
BT R 2a489 - Y Enfianced Celiulase Mutant IRt
L SR Derived from QMéa A 1012

-'._9414 . 26921 ] Enhanced Ceflulase Mutant . AT

B L] L, Derived from QM9123 o 1520

I 9136 k : 23920 : 1 " "Cellulase Negative Mu:ant SR [NARE

"l DerivedfromOMEa . - L o0

L Cellulase activity in.shake flasks grown on ceflulose media.

B These strains are available fram Dr Emory G. Simmons, US Army Development Centre Culture .
. Collectron of Fungi {GM}, Dept Botany, University of Massachusetts, Amherst, MA 01002 USA;
-or from The Amencan-Type Culture Col[ectlon (ATCC) 12301 Parklawn Drwe, Rockwl!e MD ’

7 20852USA.
" - Table 4. Effect of pH on Hydrolysis of Microcrystalline Cellulose {Avicallat 27°
A Time | Enzyine - . % Hydrolysis S
CoHee ) Wml pH30 | eH35 | pHes | pHEOD
2 200 i 40‘ 45" ‘44 L 1.4
20 1o e 24 0 28 Co2as 2
T 85 18T [ H: IR 5 - LS RS ¥
20| 200 | 8s ‘88 .| 81| 35
SO BRI RS X SUNAE U - DL IR : ¥ SR PR -3 S ©2.9
SR A R X PO TRRDR: 3 R AP XSt AR 19
C 700, 30 8 Y RN IR T SRV DS 8 SN IR X I
S100 | o 10 e SRR B ¢ O P 120 {7 48
Y100 .0 [ 05 78 V82 85 .35

. 'Condltlons 10% Avicel, 0.05M Citrate Buffer

" Enzyme = ‘Trichoderma QMS414 cubure filirate froma 2% Cellulose fermematlon at 7 days tu S

; . give 2.0,'1.0, or 0.5 filter paper cellulase units per ml. :
- % Hydmlysls basec! an Average of Reducmg Sugaf and Weight Loss

- Table’. Effect of pH on Hydrolysis of Ball Milled Collulose (BW 200)t27°

'_l'?m_e : _,Enzyme S i %Hydraiysts - R
CHep e Ul pH3.0 " pH3.5_ . pH4g. | -pHEO -
s 207 i 52 | -Br ol a7
-2 0 P VRN AR 1 RE PR -3
2 0.5 S32 | 29 20
s 20 X sl w3 | es”
AOE RN AN I 100 .93 1 80
20 05 R A RN BT £ I I Y
L1000 {20 27.6 T 293 C?2 148
100 10 - 1941 +. 198 18.5 06
100 ] 05 127 “14.4 142 74

s _'_s_atis:fa&érv :ureeedures for desorbing and . -,
: reeovering enzyme from undigeeted solids. -

3. The production of cellulase is repressed

. bysolub!esugars nrotherreadrly metabolrsed o
" substrates. . S
4, -Control of pH i is cmu,al The pH ofthe' o

Trichoderma meédiom is about (5.7 -after .

NH;{ is also consumed and pH falls steeply.

: _On cellulose concentrations of 0.75% pH fafls
" 10 about 2.7 aind then slowly rises. Yields of
- cellulase : ‘are
. .concentrations.’ of 1% or greater, if pH is - -
"1 uncontrolied, enzymes are inactivated by the - -

“high. . At cellulose

severe “acid -conditions ; which  devetop.

" Therefore it is necessary to control pH notto - | '
. fall helow ©3.0-3.5 'to  prevent ‘enzyme =
' Inactivation,  and then  higher - yields: are . »
.attained than on 0.75% ceflulose™. However, -
“at all concentrations of cellulose, i pH is

controlled not ic fali below 4.0,.4.5, or 5.0

" growth is excellent, - but celiulase yields-are -~
.- reduced, and the higher the level at whichpH . . - - ./
~_is -controlled - the greater the reduct:on m ety
cellulase {Figure 1).: RN
i “The reason for.the vreld reduetmn at h;gh- P
.pH_is not clear.. One possibility is enzyme
repression due to ‘'more rapid - growth at. -
-higher pH levels. Brown and Halsted” have |
-shown that the growth rate on glucose is'
" ‘markedly reduced as pH falls from 4.0 t0 2.7

and is essentially zero at pH 2.5, 1 ikewise'we -

find that on ‘cellulose if pH'is controlled at- - -
:3.0-3.5 from time of inogulation, growlh B’

ooar, but then enzyme yields are also poor :
_When 1% cellulose “cultures - were’

_compared ‘with an_initial pH.of ‘5.7 and a"

natarat fall to control at 5.0 or 3.0 {Figure 2)

. good growth occurred in both cultures, but.
- ceflulase production was markedly superiorat: .
3.0, it took 40 hours to reach the -controf .-
- paint ‘of 3.0 and by that time considerable
- growth "of mycelizm and  consumption .of

e cellulose had already occurred. ’

- Stil up to 52 hours, the growtlx rate as

B md:cated by consumption of cellulose. and
production of mycelial protein.was sormewhat -
greater. at 5.0 and at 52 hours mare .than - . "

"7 twice as much cellulase had beén produced .
" at 5.0 as at 3.0. At this time when biomass
- {mycelial pmteml was at its peak and 70% of .
- 'the cellulose had been consumed in both . -

-~ “cultures, production 'of cellulase nearly "

" "ceased at 5.0 just when one would expeét the :

.. fungus to be derepressed, and when in fact | ..

the period .of most active enzyme secreuon'

“began in the 3.0 culture.
.. From 52-166 hours cellulase rneasured on AL
ﬁlter paper, TMC, or cotton increased not.. -

- 'mofe ‘than 20% - in:the . 5.0 -culture, -but ..~

. increased 3-6. fold:in the 3.0 culture. Thus: .~ "
. repression ‘at- pH . 5.0 $eéms an unlrkely S

o explananon for the reduced yields., - 3 .
- The release of enzyme at 3.0 is not.dueto - ¢

the death and dissolution of -the ‘culture.

Trichoderma can’ metabolise glucose quite |~

rapidly at pH 3.0, Glicose did notaccumulate

- in either culture during fermentation  despite - ’
. the rapid. disappearance of celtulose. When'
0. 5% glucose was added to a 1% cellulose . ..

- cultuie. at 3.0 {Figure 3} it was consumed in -

17 houss. ‘At 27° ‘the hydrolysis of either
crystalhne or amorphous cellulose is most -

- mpld at pH 3.5-4.8 without a sharp optimum. ;
‘It is also rapid at 3.0 but is slower at.6. 0
. {Tables4and 5},

- Another pcss1btl|ty would be proteolyuc

L degradauon of secreted enzymes at pH 5.0,
_but this also is unlikely. The culture filtvates -
-of F:gure 2 and 3 were asayed for. pmteolvnc :




o clwﬂy agamst the msolubla substrate, nsde_. o protease Ievels are part ofa genera] release of _'
".. powder azure (Table 6}. The levels were high - . cellcontents and may even pliy a rolé in such " tion of the reduced yield at higher pH levets.
“at 3.0, law at'5.0. In fact, the authors have '_'.”'release ‘but _this has not: been :nvestlgaied :

o atways found high protease levels in the most -~ "As’ notéd ‘gbove, :the . mycelium - reimains

active cellulase filtrates; and have found no'. - healthy and’. metabolically ' active' at 3.0

‘evidence that these proteases are. actwe on ». - Furthermaore: the authors have not noted the
:-cellulase : . release of sugars at low pH that would be'

- "Ore. -could speculate thaz the hrgher :expected from autolysmgcells

6
El21:
o 3
8 Byt
o ewtiuions
o .4
S "
1 R .
40 T80 _l20 160 O .
HOURS VS R SN - B 80 120 .- 180
. S0l Houms oo
204, " 40
ST, 30
= 10y’ E 20 _ .
\E ~ 20 -myceiial
> - L. protein .-
o5 F o]
o e L R AN M
Q. 40 B0 2o T160 - - 0. 40 80 .. 120 . 60
_HOURS . R nouns

o Frgure 4. Effect of Addition of Glucose to 2% Cellulose Medium. 2% Cellulose, 0.2% proteose,.
L peptone, O, J'% Tween 80. (NH.J), SO, 021% Sag 10200 ppM, pH>3.5. 5% Mycefral Inacuium
3 da ys old.. :

" ‘Conditions. 1% Celiulose, 0.1% Pepmne 0.1% Tween 80 2% Mycelral inoculum 3 days old )
*. 05% Glucose added at 50 hours (see Figures 2, 3) S :
-7 protease Activity, 20mg Hide Powder Azure lmsolublel ‘2.6ml Enzyme 2 Sml 0 05M Cllrate-
- - Buffer pH 4 8, lncubate 1hr at 30°, thrat 50° FJlter* Read 0D of filtrate at 595 E

*: Table 7. Effect of Subsuata.on_specmc Cellulase Activities.

. 2% ceﬂ'ufase G....G 2% cellulose + 0.4% glucase at hr.. B
Ry Lo L N NaOH miftitre Productrwty Ullitre hr - -
_ceiluiose A : A G2t 6 L TLE
- cellufose + glucose . e T i AR 1 A
L glucose phase - T R 22 : : I
_ T cellulose phase - Sl 136
* 7. Table 6, Effact of pH Control on Protease Producuon in Cellulose Medium
' " 1% Cellufose - 1% Cellulose + 0.5% Glucose
CHr oS CpHREO ] pH>R00 | pH»s0 | i pH>3.0
2o ez 042 e Y 0ag
Bzl ez e T ez T ez
Coe 68 018 - 7033 L 012 S 0.85
Soresl s e s s s T Toas S
"'166}_ 2016 0 1 % _""012_"_ F I 104_

'.Subs'rratt_?_ 7| Coneentration | Incubation Time _.lnremarfanal
- R ARV b T3 U/ mg Protein
Carboxymeth\;i Cellulose - | = .. 0.5 - - 30min - B B
Filter Paper (FP} .. . -~ CB3 o ke e T
Cottgn. " . o Tf T RE g 002,

T .One international unit reieases one micromole of recducing : sugar measured as glucose per’

minute Lo I AR RSN

There thus appears to be no. good nplm& "

' The -authors’ conclusions are that in- batch ST,
'/ eultures. the best regime is a natural fall to
- 3.8:3.5, contro! to prevent a lowar pH, and a
“natural. rise . after cellulose is consumed. ©:
'Mamtammg the low 'pH ‘after - celiulose )

consumption has no'‘effect on enzyme yield.

.* Continuous cufture is another sityation, With
* continuous fow pH, arowth is retarded and -

‘enzyme yields are reduced. ‘Good yields in

"_conunucus cuiture have been attamed at pH: e
T 5 022 24 .'I? N

-8 Cellulase has a Iow specmc actwny on

" ‘insoluble cellulose, -only -about. one .
mternatronal unit per mg of soluble protein. . U
_'when filter papér is the substrate (Table-7),. - 0 7.
This is “due . to ‘the insolubility and .- ¢ """
-+ recalcitrance of. the cellulose fn-the. .

- fermentation of 1% cellulose, yields of 2mg.~
.. of extracelkilar protein {2 frlter paper unitsh
. per md Have been attained. Assuming a 50% . S

. yield- of ; blemass from -the: substrate, this: "
“extracellular protein. represents 40% of the
biomass: |t is apparent that higher yields will -,
require more cells, ie mare growth and richer. 1 -

" media, There are several mss:bie approaches..i SR
'+ to 'achieve this.

- 8. Increasing cel!ulase concem‘ratran '

- Because. of the low bulk density of ceiluiose B
- this results- in “thick 'slurries and " severe . |
" 'foaming problems, and creates difficulties in-- -~ -
* - adequate mixing and aeration. The maxifoum
‘working ceflulose concentration is about 2% ;
in. small. laboratory “fermenters --although .7+
submerged fermentations have been cartied
-~ out on up to 8% celiulose™. At that pointone

is approaching ‘a- soltd cu!ture or ko;i.
fermentation - :

I fact, practlcallv all of the commercial - .

. Trichaderma cellulase available to date ‘has .
_been produced .in Japan by solid cubtyre i’ ;
fermentation. followed by’ extraction of the "=
- enzyme from - the culture = solids®. Thls_--.:_____
- fermentation ‘is- of special ‘intevest o0 ¢

developing countries because the technolcgy'. : '

.. can be fairly simple, and variations of the koji .

“ process can be used to upgrade poor quality .’

- agricultural: wastes ta’ more valuable ammal R
feed'.’. - ! : e

"The drawbacks of solld culture for enzyme TR |
productiqn ‘are, first the -difficulties of .’ %
‘monitoring and controlling the fermentation, - -

and second ‘the. fact.that some of ‘the "~ .

‘ cellulase .components ‘tend - to° femain. . o

adsorbed on the solid residues.. .
Ancther appmach has been to mcrease cell _

“ ‘growth -by enriching ‘cellulose media with. SRt

soluble substrates such as’ giucose glycerol,

*. or preferably saluble peptones or proteins.
" Low levels of such metabolites.are frequently
- added.to cellulose media and do result in

shorter lags, faster growih and increased

- cellulase levels. However, when the solubie -
“substrates are increased beyond about 10% - -
... of the cellulose Jevel, cellulase production is
. repressed and S0 growth may actually be
- reduced.

-b. Addition of gfucose to cellulose madia. B
The authors have wied 10 increase hnomaSS

- production by ‘adding 0.4% glucose to 2%

celtulose “medium inthe hope “that. the

"-glucose would be rapidly consumed and build
.. up- biomass, that cellulose consumphon

would be repressed- during this period 50 that -
tellulose would be consumed only after the

-consumption of glucose at’ ‘which time .

synthesis of celiulase would be derepressed
The, results’ were - both surpr:smg and d|s~

i appomtlng (Figure 4).-




The cellulose fermentauon was typlcal and:
successful. Cellulose was rapidly consumed’
~.~with a pH fall t6 3.5 by 30.hours. A total of -
21:5mEq of NaOH per litre' was consumed to

"hold pHat3.5 until 90 haurs when celluiose

““was eonsumed-and pH rose again. Although. -

- half the cellulose had beeri consumed by 45

"-hours, only 10% of .the ceflulase had.been
' ‘secreted into the medium at that time, A

- peak in biomass {mycelial protein/0.40} of
- 9.3mg/ml ~was_ reached -'at. 69 - hours
representing a 45% yield ‘of _consumed
substrate. -Cellulase was secreted rapldly
" from 45 hours, and especially after 69 hours

- ‘reaching a final yield of 1.8 filter paper units . -

- £34.CMC celiulase units) per ml at 165 hours
for an overall productivity of 11U/litre - hr.

The effects of adding ghucose. were very g

interesting. The glucose: was . very " rapidly
"consumed by about 30 hours, but 25% of the
_“cellulose was also consumed -during this
period. The culture consumed 2.2mEq of

.- NaOH per litre to control pH at 3.5 during this -
period. The culture consumed .2.2mEq of -

‘growth and increased biomass production
was thus achieved although it had not been

-, anticipated that so much ceflulose would be
" consumed dunng the glucose consumpﬁon

- phase,
After the g!ucose was gone the growth

. -stopped and pH rose to 5.5 at 40 hours then

fell again as cellulose consumption resumed.
An additional 13,6mEq of NaOH per litre was
. "consumed fram 50-150 hours when cellulose
" ‘was consumed and .pH rose again. Qverall
growth was actually reduced and .total acid
‘production was decreased despite the
" increased substrate. -
. - A peak.in the biomass of 84mg/ml was
- reached at-83 hours, lower and latér than the

peak in the cellulose culture. The final yield of

. cellulase at 165 houis was only 0.5 filter paper
or 8 CMC’ase units per mi, about 26% of the

. values for eelivlose with no added glucose. -
. Thus the final effect of adding.a fairly high -

level of glucose to cellulose medium was to

- so reduce cellulase’ production that growth

" was also reduced below what it would have
been on the cellulose alone.

The effect of adding glucose durlng ‘the’ :
" . fermentation has also been investigated with
1.0% ceflulose controlling pH at 3.0 and 6.0 |

{Figure 3} Glucose {0:5%) was added at 50
hours. The results can be compared to the

" similar fermentations- without . glucose

. -addition {Figure 2}. The added ghicose was

‘consumed in 8.hours at pH 5, 17 hours at pH

- 3. During the period of glucose consumption

" :secretion of cellufase-and: consumption of -
celluiose ceased,. while dry weight and "~

biomass {mycehal protein) increased sharply,

- After the glucose was consumed dry weight _'

and . ‘mycelial . protein feli, ' cellulose

- consumption resumed and. in the pH 3.0
“culture, secretion of soiuble protem and i

- ceflulase resumed.

. The addition ' of giucose Iate in the-_ :
. fermentation thus had very little effect on the =
. fermentation pattern of enzyme productivity, -~ -
in marked contrast to the strong delaterious - . - -
effect when it was added to the original’

medium. Even though most of the enzyme is

““secreted late in the fermentation, the fungus - . -
appears to be committed early to !ow or hlgh -

enzyme pmducuon o

c. Com‘muous cultures. The problems of

3 mamtanmng a high biomass are even more
- acute in continuous cufures. If pH-is
. mamtamed iow growth and ‘enzyme

-productNiiy -are’ pdof.
- investigated

continuous

13U/ fitre - hr'} was thus. equal the overail
praductivity ‘of batch cultures on - 1-2%

_‘celiutose -of about, 11U/litte - hr™. {Table 8,
" Figures 2, 3and 4, Andreotti etal 1977%), but
enzyme cnncentratscm in the harvest was -
low.

in a good 1% batch celiulose fermentat;qn :
“thie * highest productivities of about: 20-

25U/ litre - hr'' occur between’ 50 ‘and -100

. haurs. Nystrom®. has had productivities of

40-45U/litre - hr! on 5% cellulose.  These

- ‘conditions {fong residence times) cannot be .
- duplicated in a continuous culture. * - :
o -d; 2 stage fermentation. Other approaches
“to increasing.-celt mass in continuous.

ferfmentation have therefore been attempted.

Mitra and Wilke®* proposed. a -2 stage
fermentation with' Trichoderma growing on -
" glucose in the first {growth) stage ‘and on
- cellulose in the second {induction} stage. -
. Maximum ceit productivities of 0.47mg/mt " hr.- -

on .5% glucoese and 0.92mg/ml.- hr7.on

1.0% glicose were attained at a dilution rate

of 0.21 - hr? giving an inlet biomass to the

second stage of 2.2mg/mf from 0.5% ..

glucose and 4.4mg/mi from 1.0% glucose.
In the celiose fermenter, even though pH

was controlled at 5.0, growth was poor.and - -
* the ‘culture washed out. at dilution rates
- ..greater than 0.02 - hr*. Doubling the.inlet
‘biornass neaily doubled enzyme productivity

from'1.4 to 2.6U/litre ; hr*, but since thése
are much lower than attained by Peitersen®

<on ceflulose alone it is apparent that ‘the
“initiai - growth_on glucose actually - reduced.
overall growth due to the strong repr&ssmn of

‘enzyme praduction.

" Ghicose - repression is also probably the -
explanation of the results of Brown et aPF for -

continuous culture of Trichoderma on crude

- glucose containing the inducer sophorose. -
."Despite rapid growth on glucose, cellufase -
- was not produced at dilution ‘rates greater

Peitersen™ has
culture” of .
" Trichoderma. at pH-5.0, 30°C with a feed of -
" ball mifled cellulose - of'4—11g{htre and- with
I dilution rétes of 0.03-0.08hr".
‘conditions 50-75% - of ‘the. cellulose was
tonsumed leaving 1-4g/lifre at steady state.
" Cell  protein. ranged from 0.6-2.4mg/ml,
cenzyme from-0.1-0.3U/ml.

Under these_ .

Productivity {5

e, Celt recyle,__. A means of avoiding glucose © -

‘repression while enhancing biomassin ‘a
‘continuous cellufose fermentation by

_recycling: -the “mycelium "back into ‘the - -
‘fermenter as the broth is harvested has been .
The use of -
“cellulose’ grown cells resulted in a dramatic
- improvement of enzyme productivity and of

proposed. by Wilke ef ‘aF”.

enzyme. congentration in the harvest. In a

 semi-continuous run on 1.0% cellulose with a

dilution- ‘rate of 0.02 -: hr* the harvést

- ‘averaged 0.8U/ml ‘for @ productivity of .
18U7litre - b, 6 fold the yield in the 2 stage

process described above. Although this value

‘is only about 25% greater than Peitersen’s™

best yield in a'simple ‘continuous cellulosa

. culture, the enzyme - concentration in - the
" harvest broth is increased more than. 2 fold.

Cell recycle looks like a prcmlsmg area for -
further investigation, :

6. Cellulase .is produced fate in: the_'
- fermentation. On 1% cellulose with optimum

pH  control ‘at 3.5 (Andreotti et -aP) the -
fermentation can be divided into 3 phases of

rapid growth, high enzyme praductivity, and -
-old age. In the first'45 hours, dry weight, the "

resultant of{_qcreasmg mycelial. weight and

 decreasing cellilose, has faflen about 50%. At
- this time 80% of the ‘cellulose has besn

consumed, - “cell ‘weight has reached -

~maximum but only 20% of the ceflulase has -

appeared.
_Forty-five hours is a turmng pomt Enzyme L
productlon suddenly picks up. From 45-70 -
hours the last 20% of ‘the .cellulose is -
consumed, cell weight falls very siightly, and -

- soluble - protein ‘and.‘enzyme are secreted

rapidly. 40% of the Siter paper cellulase and

- 60% of the. CMC'ase appear during this =
- period of high enzyme productivity. From 70"~

to 160 .howrs is' the old .age—no cefiulose
remains, cell. mass, the. only :remaining

" substrate dechn&s and the last 20% of the O
CMC’ase, and 40% .of :he f Iter paper
. cellulaseappear

: Thus aithough the ceEluEase is'an mduced .

enzyme, Trichoderma, . dufing . growth on. ..o
ceflulose, appears fo produce much more -
~ cellulase’ than. is “required . to - digest the -

substrate and to. continue secreting énzyme -
after most of the cellulose is consumed. The
authors believe that most of the celiulase is

E than 0.03 - hr. and maximum . enzyme - synthesised late .in the . fermentation,
. productivity (at D = D 015 : hr't) . was only. - although. the fungus is commirted earfier. It is
“1.2U/itre - he? o ‘ ST doet poss:ble that .it; was adsorbed on’ the.
_Tablea Cellulase Productmtles by Tm:hoderma . : R .
| Batch cutture " Time “Cellulase’. Productivity

1%_Ceﬂulase i -« Hour - Lp iU ml U litre hr?
Wnoie Run iAnureom etaf’} 1820 18 T
"Maximum Permd tAndreom eta.F) . - 5199 _'0.42-1.5.2' | R < I
Continuous © - i SD T TR
1% Cellulose : . “ L hrt EERRRRR .
Simple " L0038 | 0 emif 126 -
- {Peitersen®} .’ S S '. . S
2Stage 1% Glucose—-CeIIulese B 005 - F - 02 26
{Mitraetal?) - .~ S L SR B e
" Cell Recyle Cepzeo ol 080 | e
(WJIkeeraP’) . I o
Contmucus ‘
1% Glucose _
Sophorose inducer {Brown etaf?) . e.ms | oo |- 1.2 .

‘Cellufase Filter Paper Units per mi {Mandels et &) Units were est:mated from the Filter Paper
Activities for Tmi reponed by Mitra, Wilke, and Brown.

_ FProductivity Fi]ter_P_aper Units per Litre of Culture per hour. C




' residuat celhilose; in fact miuch of it 'appears‘ -
. “after the cellulose is gone. Perhaps this is one "
“reason why Trichoderma is a superior source -

" of cellulase— other fungi may “turn off” the. -
L ' But thelong slow

. fermentation, “and ‘the late- appearance of.

- enzyme production sooner.

:much of the cellufase create problems for the
. cost accountant or the engineer who wishes
10 sun a continuous feifmentation. -

. 7. Trichederma cellulase is deficient in 3- :
- qucusndase. Maximum - concentrations in <~

* broths from ceflulose  cultures are only about

- 0.8 units per ml. The result is that sacchari-

“fication - syrups . are “high .in cellobiose®.

Because celicbiose is strongly inhibitory to_'

_‘saccharifigation, with an -inhibitor to

- -substrate .ratie of about 0.4 giving 50% -

inhibition's, the addition of B-glicosidase to

. Trichbderra cellulase markediy increases the
rate and extent of saccharification with a.

‘maximum effect.at ‘around 3 units per mP.
-Since means of increasing B-glucosidase in

'-'.'Trfchadenna fermentations have not beert
found, addition of B-glucosidase from other -

microbial sources such ‘as: Aspergillus
..o . phoenicus® or Botryodiplodia theobfomae”
.G are belng t@tedwﬂhgo(m results. R

j-Mumuon e
- Most successful commermal fermentauons

1o produce biological products-are based on VZ
the ‘use- of mutant strains.” The wild.

.= Trichoderma strain has aiready been mutated
-, 1o improve' the yield approximately 4 fold
. {Table 2} but further .improvements would
appear feasible.- At present the ‘mutation
~'programsme is slow because satasfactory plat

assays 1o “screen isolates ‘“for enhanced’

" ‘cellulase production " have  not --been

" i shake ﬂasks is I:mzted fore by the medlum
: tharn by the strain.. .

High yields “on ennched medaa fequnra. : 3

- instrumented pH contral to give: the. desired
*. programime of a growth phase at higher pH, .
" followed by an enzyme pradiiction phase at
‘around .pH ‘3.5, .while preventing a fall to .’
. _mactwatmg pH levels. It is possible to buffer

“.media to prevent pH fall below 3.5, but to : ~

date such media have not given sat:sfacmry

: ylelds of cellulasa. - .
" :The 'chief .objective of 3 mutatmn
'progr_amme is

enhanced . . celiulase
productivity. Other desirable mutants  wouid

" include constitutive or derepressed miutants

“:which_might solve the problems of usimg
... enriched ~ media,
extracellufar B-glucosidase and production of - -
- enzymes - more resistant .to’: temperature -
'lnactlvatlon and/or sugar mhsbltson. o :

‘increased production_of
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